Based on ab initio calculations, we predict that a monolayer of Cr-doped (Bi,Sb)2Te3 and GdI2 heterostructure is a quantum anomalous Hall insulator with a non-trivial band gap up to 38 meV. The principle behind our prediction is that the band inversion between two topologically trivial ferromagnetic insulators can result in a non-zero Chern number, which offers a better way to realize the quantum anomalous Hall state without random magnetic doping. In addition, a simple effective model is presented to describe the basic mechanism of spin polarized band inversion in this system. Moreover, we predict that 3D quantum anomalous Hall insulator could be realized in (Bi 2/3 Cr 1/3 )2Te3 /GdI2 superlattice. The recent discovery of quantum anomalous Hall (QAH) effect has attracted tremendous interest in condensed matter physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In a QAH insulator, theoretically predicted in magnetic topological insulators (TIs) [1] [2] [3] [4] [5] , the strong spin-orbit coupling and ferromagnetic (FM) ordering combine to give rise to an insulating state with a topologically nontrivial band structure characterized by a finite Chern number [17, 18] . Recently, the QAH effect has been experimentally observed in Cr-doped (Bi,Sb) 2 Te 3 around 30 mK [9] . The robust dissipationless chiral edge states in the QAH state could be used for interconnects of semiconductor devices. Unfortunately, the topologically nontrivial band gap of this system is extremely small and the quantization of Hall conductance can only be observed below about 100 mK [15, 16] . For potential device applications, it is important to find materials for the QAH effect, and to increase the band gap as well as the Curie temperature (T c ) of magnetic moments.
Based on ab initio calculations, we predict that a monolayer of Cr-doped (Bi,Sb)2Te3 and GdI2 heterostructure is a quantum anomalous Hall insulator with a non-trivial band gap up to 38 meV. The principle behind our prediction is that the band inversion between two topologically trivial ferromagnetic insulators can result in a non-zero Chern number, which offers a better way to realize the quantum anomalous Hall state without random magnetic doping. In addition, a simple effective model is presented to describe the basic mechanism of spin polarized band inversion in this system. Moreover, we predict that 3D quantum anomalous Hall insulator could be realized in (Bi 2/3 Cr 1/3 )2Te3 /GdI2 superlattice. The recent discovery of quantum anomalous Hall (QAH) effect has attracted tremendous interest in condensed matter physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In a QAH insulator, theoretically predicted in magnetic topological insulators (TIs) [1] [2] [3] [4] [5] , the strong spin-orbit coupling and ferromagnetic (FM) ordering combine to give rise to an insulating state with a topologically nontrivial band structure characterized by a finite Chern number [17, 18] . Recently, the QAH effect has been experimentally observed in Cr-doped (Bi,Sb) 2 Te 3 around 30 mK [9] . The robust dissipationless chiral edge states in the QAH state could be used for interconnects of semiconductor devices. Unfortunately, the topologically nontrivial band gap of this system is extremely small and the quantization of Hall conductance can only be observed below about 100 mK [15, 16] . For potential device applications, it is important to find materials for the QAH effect, and to increase the band gap as well as the Curie temperature (T c ) of magnetic moments.
The basic mechanism for the QAH effect is the band inversion between spin polarized bands in magnetic TIs. In this Letter, we propose a new class of materials to realize the QAH effect. Since the highest T c in semiconductors is still far below room temperature, artificial materials are the only way. Layered crystals structures allow the production of monolayers and the synthesis of new compounds via combination of mono-and multilayers have been already demonstrated [19] . By combining two topologically trivial FM materials together, the topological insulator property arises from the relative spin polarized band inversion [20] between the two different FM materials of the thin films. In particular, based on first-principles calculations, for the interface between monolayer (Bi,Sb) 2 Te 3 and GdI 2 , we find that the spin polarized p z -characterized conduction band from Cr-doped (Bi,Sb) 2 Te 3 will invert with the spin polarized d z 2 -characterized valence band from Gd, resulting in a new QAH insulator with the non-trivial band gap up to 38 meV. As we know, GdI 2 is a halfmetallic ferromagnet, where the ferromagnetism is contributed by the transition metal element Gd and its Curie temperature T c is around 300 K. A high T c is thus expected for monolayer GdI 2 and Cr x (Bi,Sb) 2−x Te 3 interface. All these proper-ties in this system are distinct from the previous proposals in magnetically doped TIs, such as Cr-doped Bi 2 Se 3 -family [5] , where a high T c and a large band gap are hard to achieve simultaneously.
Both Cr x (Bi,Sb) 2−x Te 3 and GdI 2 are layered triangle lattice compounds interconnected along c-axis by van der Waals interactions, which makes their thin films chemically stable. Cr x (Bi,Sb) 2−x Te 3 is a FM insulator with the in-plane lattice constant decreases from 4.35Å to 4.15Å as the content of Cr increases [21] . Experimentally, GdI 2 crystallizes in the well-known 2H-MoS 2 structure (194 space group), in which each Gd layer are sandwiched by two layers of I atoms with the trigonal prismatic geometry [22] . The in-plane lattice constant of GdI 2 is about 4.075Å, resulting in a lattice mismatch 2% ∼ 6% (depending on the content of Cr) with Cr x (Bi,Sb) 2−x Te 3 . At room temperature, GdI 2 show a metallic behavior and FM transition with saturation magnetic moment about 7.33 µ B /Gd, but becomes insulating at low temperature (below 150 K) [23] . Our calculations do find that the bulk of GdI 2 is a bad semimetal. However, for monolayer, it becomes insulating with a band gap about 0.2 eV, where the dispersions originated from the interlayer interaction are eliminated due to quantum confinement. is the most stable one. Although there are some energy difference between different configurations, the electronic band structures of them look very similar. In addition, the site of Cr in (Bi,Sb) 2 Te 3 also have very weak influence on the band structures. Therefore, we will focus on the configuration shown in Fig. 1a as representative in this paper.
We perform the first-principles density functional theory (DFT) [24, 25] calculations and PAW potentials [26, 27] by the Vienna Ab-initio Simulation Package (VASP) [28, 29] . Perdew-Burke-Ernzerhof-type [30] generalized gradient approximation + Hubbard U correction (DFT+U) [31, 32] with U = 6 eV (J = 0) on Gd's 4f orbitals and U = 3 eV (J = 1.5 eV) on Cr's 3d orbitals are used. The results are also double checked by HSE functional [33] , which is known as more accurate description for the band structures of semiconductors. SOC effect is considered self-consistently in the calculations. The kinetic energy cut-off is fixed to 400 eV. 10×10×2/6×6×2 k-mesh are used for half doping and other Cr contents films respectively. For all the films, the vacuum region are thicker than 12Å, and the lattice constants, as well as the atomic positions are fully optimized with the ac- In Fig. 1c band of Gd split into two branches due to the magnetic polarization, making the up spin branch fully occupied and GdI 2 insulating. Because of the magnetic ordering of Cr, the p z conduction band of Bi is split in a way that down spin branch moves toward the Fermi level. Therefore, after the magnetic exchange interactions taking into account, the two bands closest to the Fermi level turn out to be |d z 2 , ↑ (valence band) and |p z , ↓ (conduction band) respectively. At the last stage III, after SOC effect are considered in, orbital and spin angular momenta mix together, while the total angular momentum is preserved. Therefore, |p z , ↓ states becomes J eff z = −1/2 , which is very similar to the 'split off band' in the Kane model [34] . Due to the huge SOC effect of Bi, the energy of J eff z = −1/2 will be dramatically dropped down and get inverted with J eff z = 1/2 state, which originated from |d z 2 , ↑ of Gd. Because d orbital and p orbital have different parity, this kind of d − p inversion at Γ point usually leads to non-trivial Berry's phase for the occupied bands. Therefore, the system becomes topologically non-trivial Chern insulator if a full band gap exists, and its Chern number is determined by ∆J eff z , i.e. C = 1. Based on the analysis of the band sequence discussed above, a simple 2 × 2 model, with |d z 2 , ↑ and |p z , ↓ as the basis, can be introduced to describe the spin polarized band inversion,
where k ± = k x ± ik y , and
is the mass term expanded to the second order, with parameters M 0 > 0 and B > 0 to ensure the band inversion. Since the two bases have opposite parity, the off-diagonal element has to be odd in k. In addition, it has to have the form of k ± to conserve the angular momentum along the z direction.
In order to justify this effective model, we have performed the first principles calculations on the (Bi 1−x Cr x ) 2 Te 3 /GdI 2 films. First, we focus on the half doping case, and show its spin-polarized band structures (without SOC) in Fig. 2a . Our calculations confirm that the magnetic moments on Cr and Gd prefer ferromagnetic arrangement with 0.33 meV lower than antiferromagnetic configuration. The calculated moments are 3.20 µ B /Cr and 7.48 µ B /Gd, similar to previous calculations [5, 35] and measurements [23] . As shown in Fig.  2a , one single-layer BiCrTe 3 is a normal insulator due to the confinement effect, in which the conduction bands from Bi and Cr are well separated with the valance band from Te by a gap about 0.6 eV. Within this gap lies an occupied spin-up band of Gd, making BiCrTe 3 /GdI 2 film as a narrow gap insulator if SOC is not considered.
Next, we carry fully relativistic calculations, to study the influence of SOC on the electronic structures by aligning the magnetic moments perpendicular to the film, since the direction of magnetic moment in Cr-doped (Bi,Sb) 2 Te 3 is confirmed to be along c-axis [9, 21] . In the presence of SOC, |d z 2 , ↑ of Gd becomes J According to our previous analysis, this kind of d − p band inversion can give rise to a topological non-trivial Chern insulator. We note that, due to both time reversal symmetry and inversion symmetry are broken in ferromagnetic BiCrTe 3 /GdI 2 film, the band structures alongΓ-K andΓ-K ′ directions show different behavior in Fig. 2b and Fig. 2c .
Another advantage of the freestanding films is that one can modulate the band inversion continuously by an external gating electric field E [36] . In Fig. 2c , we show the well-modulated band structures of BiCrTe 3 /GdI 2 film by E = −0.1 V/Å, in which the optimal topological insu-lating gap 38 meV is achieved. In order to confirm the system's topological properties, we carry out the calculations of edge states by constructing the Green functions [37] for the semi-infinite edge based on Maximally Localized Wannier functions method [38, 39] . The results based on the band structures with optimal gap (  Fig. 2c) are shown in Fig. 2d , in which one topologically protected chiral edge state connecting J eff z = 1/2 and J eff z = −1/2 presents clearly, consistent with our previous analysis that C = 1.
We also perform calculations on systems with other Cr contents, such as 1/6, 1/4, 1/3 doping, trying to study the topological properties as a function of Cr doping. The results are shown in Fig. 3 . Our calculations suggest that, at 1/3 doping case, the system is also Chern insulator with a small gap about 3.6 meV (see Fig.  3c ), in which the magnetic splitting atΓ point ∆E ms is about 44 meV, a little enhanced than half doping case. However, when Cr content keeps decreasing, the magnetic splitting ∆E ms becomes smaller and smaller (see Fig. 3d ), while the band inversion between J eff z = 1/2 from Gd and J eff z = −1/2 from Bi becomes deeper and deeper. Therefore both the cases of 1/4 and 1/6 doping are topologically non-trivial semimetal, in which both valence band and conduction band are partially occupied at different momentum k (see Fig. 3a and Fig. 3b) . We summarize the topological properties evolution with Cr content in Fig. 3d , in which ∆E inv is defined by the energy level of J eff z = 1/2 from Gd minus the energy level of J eff z = −1/2 from Bi. As shown in Fig. 3d , one can find that: 1) Band inversion ∆E inv increases monotonically with the decrease of Cr concentration, which is because of the 'split off' bands dropping deeper and deeper due to the increased SOC effect [40] . 2) Magnetic splitting ∆E ms is mainly decreasing when the Cr concentration becomes smaller. This is consistent with the fact that Curie temperature T c decreases with Cr concentration reduction in experiment [21] . As a result, when x > 1/3, i.e. the yellow region on right side in Fig. 3d , (Bi 1−x Cr x ) 2 Te 3 /GdI 2 films are the Chern insulator, in which QAH effect can be realized. In contrast, with the weekly doping x < 1/6, i.e. the blue region on left side in Fig. 3d , the system is topological metal with d − p band inversion. Between them, the transition region indicates the tunable topological semi-metal, which means one can modulate this semi-metal to a Chern insulator by applying experimentally reasonable gate voltage or by Sb doping. Take 1/4 doping as an example, by applying electric gating field E = 0.2 V/Å, a Chern insulator with a gap about 18 meV can be achieved.
Finally we would like to address the topological properties of the superlattice. Because Cr-doped (Bi,Sb) 2 Te 3 and GdI 2 are coupled by the van der Waals interactions along z-direction, the dispersion of the supperlattice along k z is very weak. If the d − p band inver- sion is big enough, making all k z -plane's Chern number equaling 1, such system can be called 3D Chern insulator [6] . Here we show the calculated band structures on (Bi 2/3 Cr 1/3 ) 2 Te 3 /GdI 2 supperlattice in Fig. 4a , where the J eff z = −1/2 state from Bi is always lower than the J eff z = 1/2 state from Gd at all k z and a full insulating gap about 8 meV present. This indicates that 3D Chern insulator is realized in (Bi 2/3 Cr 1/3 ) 2 Te 3 /GdI 2 supperlattic, which can be confirmed by the edge state calculations for k z = 0 and k z = π plane (shown in Fig. 4c and 4d) . On the other hand, if we tune ∆E inv to a suitable size, making that the d − p band inversion only happens at Γ point while A point (k z = π) remains a normal insulating gap, the system will be a nontrivial semimetal with topologically unavoidable Weyl nodes [6] located at the phase boundary separating C = 1 and C = 0 planes. In Fig.  4b 
